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Rocky Mountain National Park (RMNP) was estab-
lished after a period of substantial resource extraction
by early settlers, including trappers, hunters, miners, log-
gers, and ranchers. A once abundant large herbivore,
elk (Cervus elaphus) had by that time been extirpated
from the region by a period of intensive market hunting
in the 1860s and 1870s (Guse 1966). Mule deer
(Odocoileus hemionus) were also much reduced. Elk
were reintroduced in 1913-1914, and the population
grew in size to approximately 900 animals in 1938-1939
(Packard 1947a). Elk were intensively managed from
19441968, due to early concerns that they were over-
abundant, and damaging the winter range. The herd was
reduced by culling operations in 1944-1945 and 1949—
1950, and generally kept in the 300-600 range through
1968. Public disapproval of elk culling in Yellowstone
led to an experimental approach to management often
referred to as natural regulation. The hypothesis was
that elk would reach a natural food-limited carrying ca-
pacity, and population growth would be self-regulated
through density-dependent competition for food. Since
1968, the elk herd in RMNP has been managed only by
sport hunting outside of the park boundary, which has
not controlled elk population growth. Furthermore, elk
have been increasingly wintering outside the park bound-
aries in the town of Estes Park, where they also largely
escape hunting.

Concerns about elk impacts on plants and other
components of the ecosystem have heightened consid-
erably during the last two decades (Olmsted 1977, 1979,
1997; Hess 1993; Wagner et al. 1995; Baker et al. 1997;
Berry et al. 1997; Keigley and Wagner 1998). In par-
ticular, it has been suggested that elk are overabundant
and present in unnatural densities due to lack of natural
predators and Native American hunting. These authors
felt that in pre-settlement times, elk were present at much

lower densities, and they may not have wintered in the
areas that now comprise RMNP. However, there appears
to be no evidence that elk did not winter on the eastern
slope of the park in historic times.

An effort was made to review the literature for pre-
historic and historic elk presence. Prehistoric game drive
systems discovered at high elevations within the park
were most likely used to hunt etk (Benedict 1992, 1999).
There was a considerable amount of historical evidence
of elk presence prior to settlement (Sage 1846; Loring
1893; Sprague 1925; Fryxell 1928; Estes 1939).

Human impacts on the elk winter range prior to the
creation of the national park provided an unnatural start-
ing point for the elk reintroduction program, and likely
exacerbated elk impacts on the range. Livestock graz-
ing was widespread and apparently intense enough to
cause significant changes in herbaceous vegetation cover
(Mills 1924; McLaughlin 1931; Ratcliff 1941). Land had
also been drained and willows cut to support haying
operations (Gysel 1960).

A deer eruption in the 1930s, along with increased
numbers of elk, brought about declines in upland shrubs
(Ratcliff 1941), willow cover (Dixon 1939; Gysel 1960),
and barking and suppression of regeneration in aspen
(McLaughlin 1931; Ratcliff 1941; Packard 1942).
Following the elk reduction programs of the 1940s,
Buttery (1955) concluded that range condition had
improved to fair condition, and was stable. After the
cessation of elk reductions, Stevens (1980) found stable
sagebrush grasslands, but increases in bare ground in
grasslands between 1968-1979. Stohlgren et al. (1999)
found grazing reduced herbaceous cover slightly, and
increased diversity.

A greater level of concern has been recently
expressed about elk impacts on riparian willow
communities, beaver, and aspen. Aspen stands on the
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winter range have exhibited little or no regeneration,
heavy bark scarring, and mortality (Olmsted 1979, 1997;
Stevens 1980; Baker et al. 1997), all attributable to elk
browsing. A recent analysis of historical aerial
photography showed that over the last 50-59 years
willow cover has declined by 19-21% (Peinetti 2000;
Peinetti et al., this volume). These decreases were
associated with 44-56% decreases in total stream
channel density, which was believed to be a consequence
of reduced beaver activity. Beaver have declined both
on and off the winter range from high levels in 1925-
1947 (Warren 1926; Packard 1947b) to current densities
which are apparently 90% less than in 1940 (Hickman
1964; Stevens and Christianson 1980; Gense 1997;
Zeigenfuss et al., this volume). Some authors have
attributed the decline to elk, particularly their negative
impacts on willow (Packard 1947b; Gysel 1960; Hess
1993). However, beaver numbers first dectined when elk
were being controlled below their food-limited carrying
capacity.

These concerns led to the inception of several new
studies of the elk winter range, including the present
study. A 3-year study of elk impacts on upland grass-
lands and shrublands has shown little impact of her-
bivory (Zeigenfuss et al., this volume). Few effects have
been noted of elk on soil carbon and nitrogen or herba-
ceous root biomass (Binkley et al., this volume;
Schoenecker et al., this volume); however, in willow
communities Schoenecker et al. (this volume) found
markedly (5x) lower N mineralization outside short-term
exclosures located in portions of the winter range judged
to have high elk densities. All of the sites were in brows-
ing-suppressed short willow communities. A 5-year study
of elk browsing impacts on willow (Peinetti 2000; Singer
et al., this volume; Zeigenfuss et al., this volume) has
shown large increases in willow growth when protected
from elk herbivory. Zeigenfuss et al. (1999) found a con-
tinuation of some of the negative vegetation trends ob-
served earlier by Stevens (1980). Olmsted (1997) found
further evidence that aspen stands were degrading. Berry
et al. (1997) examined whether vegetation on the elk
winter range has deviated from pre-Columbian condi-
tions due to elk overabundance. They concluded elk were
responsible for aspen and willow declines and decreases
in upland range condition, and suggested that the veg-
etation be protected from herbivory to facilitate recov-
ery from past damage.

The present modeling study was initiated with the
specific aims of estimating elk carrying capacity and
elk impacts on riparian willow. The more general
purpose of this research was to assess the role of elk in

the RMNP ecosystem. Ecosystem modeling was used to
assess the role of elk in the ecosystem, and the way that
ecosystem dynamics have been altered by interactions
between elk, climate, and humans. Ecosystem modeling
is a comprehensive approach to carrying capacity
assessment. It simultaneously addresses different
concepts of carrying capacity by explaining ecosystem
dynamics in terms of underlying ecosystem processes.
The model was used to represent plant and soil responses
to herbivory, food limitation of the herbivore population,
and predation. It was used to project ecosystem dynamics
under past, present, and future management scenarios.

Model Description and
Data Inputs

SAVANNA is a spatially explicit, process-oriented
model of grassland, shrubland, savanna, and forested
ecosystems developed originally for studies in East Af-
rica (Coughenour 1992, 1993). The model has been ap-
plied to Elk Island National Park in Alberta (Buckley et
al. 1995), the Pryor Mountain Wild Horse Range, Mon-
tana (Coughenour 2000), northern Australia (Ludwig
etal. 1999), South Africa (Kiker 1998), and Tanzania
(Boone et al. 2001). SAVANNA simulates processes at
landscape through regional spatial scales over annual
to decadal time scales. The model is composed of site
water balance, plant biomass production, plant popula-
tion dynamics, litter decomposition and nitrogen cycling,
ungulate herbivory, ungulate spatial distribution, ungu-
late energy balance, and ungulate population dynamics
submodels. Wolf predation and wolf population dynam-
ics submodels are derived from a model used to assess
wolf reintroduction into Yellowstone National Park
(Boyce and Gaillard 1992; Boyce 1993).

The model was driven by weather data from weather
stations in and surrounding the study area. Monthly pre-
cipitation and temperature maps were generated from
spatial interpolation on elevation corrected data. His-
torical weather data since 1949 were readily available.
Data for 1931-1948 were sparse, however there were
key stations with data, including Estes Park, Grand Lake,
and Fraser. Data for the period 1910-1930 were recon-
structed based upon deviations from normal observed in
the data from Fraser, Colorado, which had the most re-
liable and longest record. Data for the period 1775-1909
were reconstructed from the tree-ring database of Fritts
(1991a,b).

SAVANNA requires a vegetation map for the
initialization of plant biomass and population variables.



A single-source vegetation map for the entire elk range
did not exist, primarily because the elk range extends
outside the park boundaries, and includes land from three
administrative agencies, the U.S. National Park Service,
the U.S. Forest Service (USFS), and the Town of Estes
Park. Consequently, a vegetation map was constructed
from multiple sources. Vegetation cover maps from
RMNP and the Arapahoe-Roosevelt National Forest
(ARNF) were combined into a single coverage (Ron
Thomas, RMNP GIS lab). Vegetation outside RMNP and
ARNEF, i.e., on private landholdings, was derived from
a vegetation map of Larimer County, Colorado that was
developed at Colorado State University from a Landsat-
TM scene (McCool 1995; Todd 1995). Disturbed areas,
human land uses and areas subsidized by water, were
delimited with the aid of satellite data of the normalized
difference vegetation index (NDVI). An “undisturbed”
vegetation map was created to represent the vegetation
cover prior to the settlement of the Estes Valley.
Vegetation and land covers of anthropogenic origin on
the Larimer County vegetation map were restored to
undisturbed conditions. All areas classified as disturbed,
urban, golf course, etc., were reclassified as grassland.
The Big Thompson river course was markedly altered
by development, including the construction of a dam
and lake. Historical photographs of the valley before town
and dam construction showed the former extent of the
river course and riparian floodplain. These features were
incorporated into the “undisturbed” vegetation map.

The model was configured to represent ten plant
functional groups: upland grasses and forbs, riparian
graminoids and forbs, upland shrubs, willow, aspen,
ponderosa pine/Douglas fir, lodgepole pine, and subal-
pine conifers (spruce-fir). The area that was simulated
was defined by the combined winter and summer ranges
of the elk that winter on the east slope of RMNP, and in
the town of Estes Park. Two subherds of elk were simu-
lated, a park subherd and a town subherd, based on in-
formation that animals from these subherds exhibit
fidelity to these ranges (Lubow et al., this volume). Mule
deer were also simulated, primarily to represent their
impacts on plants. Their range was assumed to be the
elk-defined study area, but with different habitat prefer-
ences.

The plant growth model was parameterized from
numerous data sources in the literature, and from recent
field studies in RMNP. Then it was verified by compar-
ing model outputs to observed biomass data from Hobbs
(1979), Fisk et al. (1998), Singer et al. (this volume),
and Zeigenfuss et al. (this volume). Comparisons were
made for several major vegetation types including: dry
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grasslands, mesic riparian herbaceous, upland shrubs,
willow, low elevation woodlands dominated by ponde-
rosa pine (montane woodland), high elevation woodland
and forest dominated by lodgepole pine, Engelmann
spruce and subalpine fir, and alpine tundra. Compari-
sons were made under grazed and ungrazed conditions.
The comparisons proved to be generally favorable.

Model Verification: The Control
Run for 1949-1998

A simulation was conducted to represent observed
ecosystem dynamics for the period 1949—1998. This was
referred to as the control run because it represented a set
of standard conditions to which results from other model
experiments could be compared. Control run output pro-
vided additional information for verifying the model’s
behavior by comparing simulation results to observa-
tions. The control run was a calibration run for animal
submodels, because key model parameters for diet se-
lection, forage intake, energy use, and population dy-
namics were calibrated so that model outputs most closely
matched observed values.

The simulated elk population was reduced using
observed rates of elk offtake by hunter harvest and man-
agement removals. The deer population was maintained
within a range of 400—600 animals throughout the simu-
lation by removals as necessary.

The snow submodel was verified by comparisons
between observed and predicted data at seven SNOTEL
stations 1979-1998. The snow model performed satis-
factorily at most of the sites.

Water table depths in riparian willow stands (Singer
et al. 1999; Zeigenfuss et al., this volume) were used to
parameterize model relationships between water table
depth and streamflow in the watershed. These relation-
ships were then used in the model to estimate water table
depths for different willow sites within each watershed.

The elk population model was calibrated to
observed, sightability-corrected count data 1959-1998
(Lubow et al., this volume). The model was calibrated
to pass through the higher of the reasonable data points,
on the assumption that lower values were undercounts.
The model simulated the correct rate of population
increase, and most importantly, represented the leveling-
off of the park population during 19801998 (Fig. 1).
This indicates that the model was representing density
dependent competition for food, and thus food-limited
carrying capacity, correctly. There was a clear decline
in the ratio of calves to cows over the period 1949—1998.
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Fig. 1. Simulated (lines) and observed (points) population dynamics for (a) the park elk subherd; and (b) the town
elk subherd of the eastern side of Rocky Mountain National Park and the town of Estes Park, Colorado.



This was consistent with data, and with the hypothesis
that the elk population was exhibiting a density-
dependent limitation on recruitment (Lubow et al., this
volume).

Simulated spatial distributions of elk were in agree-
ment with observed data. High densities of up to 90 elk/
km? were simulated in the Moraine Park area. High den-
sities were also simulated in certain areas of Horseshoe
Park, but overall density was less than in Moraine Park.
These densities are consistent with the contour maps
generated from aerial survey data (Singer et al., this
volume), which show density contours of 12—16 elk/km?
in Horseshoe Park and >90 elk/km? in Moraine Park.

Simulated elk diets were consistent with data of
Riorden (1948), Hobbs (1979), Stevens (1980), Baker
and Hobbs (1982), and Singer et al. (2002).

The model predicted a reasonable spatial distribu-
tion of herbaceous biomass over the winter and summer
ranges. Peak biomass generally ranged 40-150 g/m? on
the winter range on grassland, shrubland, and ponde-
rosa pine woodlands. Low production was simulated in
the subalpine forests (20-40 g/m?). Higher biomass lev-
els were simulated on the alpine tundra and subalpine
meadows. Aboveground net primary production was not
much higher than peak standing crop.

Condition indices of elk reached maximum values
each summer. End of winter minima declined over the
period in response to increasing density and competi-
tion for limited forage. There was considerable variability
among winters, reflecting differences in winter severity,
and foraging conditions. Condition indices of the town
population showed a similar pattern, but when densities
were extremely low, winter minima were ‘much higher
than observed in the park population. As the town popu-
lation increased, winter minima decreased markedly.

Model Experiments

Model experiments were conducted for three dif-
ferent time periods: 1775-1910, 19111948, and 1949—
1998.

The Period Before Reintroduction
of Elk (1775-1910)

The period before the reintroduction of elk (1775~
1910) included transitions from an ecosystem undis-
turbed by Euro-American colonists but possibly affected
by Native Americans, to an ecosystem that was heavily
exploited by early settlers. Beaver trapping occurred prior
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to 1850, market hunting and extirpation of elk occurred
in the 1870s, followed by logging, and heavy livestock
grazing throughout the Estes Valley and the elk winter
range inside the current park boundaries. Wolves were
still present in 1894, but were extirpated well before 1917
(Stevens 1980). Simulation studies of this period were
designed to examine the pre-settlement ecosystem, and
the impacts of these initial disturbances.

The reconstructed undisturbed vegetation map was
used in all of the 1775-1910 runs. Human impacts on
ungulates were represented in the model through the
imposition of prescribed hunting reductions. To reduce
confounding effects, deer were kept at or below 600
700 throughout the entire simulation. Beaver on the elk
winter range inside the park were held at 450 through-
out. The control run for this period (a run to simulate
actual conditions) examined the effects of the extirpa-
tion of elk by market hunting. Experimental runs were
conducted to examine undisturbed conditions assuming
one elk herd, undisturbed conditions assuming two elk
subherds limited to the ranges now occupied by park
and town subherds, respectively, and the effects of
wolves.

When the historic pattern of hunting was imposed,
elk were extirpated as specified (Fig. 2a), and in response
deer numbers increased and wolves were eliminated due
to lack of prey. With no elk hunting, and with wolves
(undisturbed conditions), total elk numbers varied be-
tween 1,500-3,500 and gradually increased throughout
the simulation (Fig. 2b). Distinguishing two subherds
indicated the relative sizes of subherds that would be
expected in the two ranges. The park subherd varied
between 300-800 elk, while the town subherd varied
between 1,400~1,500 elk at first, increasing to approxi-
mately 1,600-2,000 elk in later years (Fig. 2c). Deer
numbers were kept to <200 by wolf predation. Without
wolves, total elk numbers increased at first to about
3,800, then numbers exhibited a dynamic equilibrium
at approximately 2,800 elk, but with a declining long-
term trend due to deteriorating range conditions
(Fig. 2d). Elk numbers ended at a similar point with or
without wolves, but elk and vegetation conditions were
substantially improved in the presence of wolves. Elk
condition indices remained higher in winter when wolves
were limiting the population compared to when food
was limiting the population. Elk mortalities due to star-
vation were therefore likely to be far less with wolves
present.

When etk were hunted to historic levels, dryland
herbaceous biomass, i.e., herbaceous layer biomass
everywhere on the park elk winter range except in
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Fig. 2. Elk populations of the eastern elk winter range of Rocky Mountain National Park and the Estes Valley,
Colorado, in simulations of the period 1775-1910. All simulations were conducted with undisturbed vegetation and
water table conditions and initialized at 1,200 elk (when two subherds were present, 600 in the park and town each).



riparian willow and wet meadows, increased. In
undisturbed conditions (no market hunting and wolves
present), dryland herbaceous biomass increased and then
decreased slightly when elk were limited by wolves.
Without wolves, dryland biomass declined gradually
throughout the period. With historic elk hunting, willow
cover increased to the maximum level (Fig. 3a), while
with undisturbed conditions willow cover increased to
near-maximal levels (Fig. 3b,c). In contrast, without
wolves, willow cover declined (Fig. 3d). Aspen increased
markedly following the extirpation of elk (Fig. 3a). With
undisturbed conditions, aspen cover decreased even when
wolves were present (Fig. 3b,c). The aspen decline was
not accelerated by lack of wolves (Fig. 3d). This suggests
that aspen cover at the inception of the park and elk
reintroduction, could have been higher than if there were
no elk extirpations.

To summarize the assessment of 1775-1910, it is
very plausible for wolves and other predators to have
maintained elk numbers below food-limited carrying
capacity, but still at moderately high numbers, main-
tained by increased productivity of the vegetation com-
pared to current conditions. Increased cover of willow
could be supported, but beaver activities would be criti-
cal to maintenance of high water tables. Aspen would
have had a difficult time becoming established or sur-
viving the predator-limited densities of elk and mule
deer on the core, lower elevation portions of the winter
range. Purported evidence for aspen in those locations
prior to 1870 should be carefully examined. Elk extir-
pation could have been a primary cause for the emer-
gence of aspen stands in those locations. Effects of etk
on beaver populations, or of bison impacts on elk winter
forage were not considered.

Establishment of the Park and
Reintroduction of Elk (1911-1948)

The period 1911-1948 included the inception of the
park, the reintroduction of elk, and early conservation
efforts. For most of the period, elk hunting was absent,
or minimal. Hunting offtake was insignificant until 1941,
and was 90-122 elk per year during the period 1941—
1945 (Stevens 1980). The first significant management
reduction did not occur until 1945, when 301 elk were
removed (Stevens 1980). There were no reductions be-
tween 1946-1948, and hunting offtake was reduced to
20-80 per year. Thus, this was mainly a period of elk
protection, with the first efforts of elk management oc-
curring at the end of the period. Much of the elk winter
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range within the current park boundary was affected by
human settlement, livestock grazing, haying, and resorts.
Willow habitats were drained, and willow was removed
to create pastures or hayfields. 1 assumed that between
19111931, the elk herd was mainly restricted to the
area east of the current park boundary due to lack of
access to the core grasslands in Moraine Park and Horse-
shoe Park, as these were grazed by domestic stock or
hayed. Elk were introduced into the model in 1913 and
1914. Deer were kept at the 600-700 level until the pe-
riod 1927-1942, when the population increased to
1,000-1,200 animals (Stevens 1980).

In the control run for this period, elk increased to
about 800 animals by 1934, and then kept within a simi-
lar range to the estimated values. The undisturbed simu-
lation began with the elk numbers simulated at the end
of the undisturbed 1775-1910 run, and with wolves
present. In this run, elk also had access to the full win-
ter range, as opposed to being precluded from the core
winter range inside the park. Wolves held the park
subherd to 500-1,000 elk, while the town subherd in-
creased to 2,500 and then declined to 1,200. Without
wolves, the park subherd increased to 1,500, and the
town subherd increased to about 2,700 before declining
markedly to approximately 1,500.

There were few differences among dryland herba-
ceous biomass amounts in the different scenarios dur-
ing this period. Willow cover increased to high levels in
all runs where elk started out at zero, even with no elk
reductions. The initial period when elk were absent or
present at low numbers was sufficient for willow to reach
tall stature. Once willow reached tall stature, it for the
most part escaped herbivory. Subsequent conversion to
short willow depended on the gradual mortality of old
plants, and suppression of replacement plants. With the
observed number of elk, and high water tables, the model
did not simulate a decrease in willow during 1911-1948.
In particular, the model could not explain willow de-
clines under the number of elk present up until 1930. If
water tables were high, the model only simulated wil-
low declines during 1911-1930 if elk were assumed to
be in the 500—1,000 range for the entire period, which
was unrealistic. Willow declines were simulated during
this period only when hydrology was altered. Humans
likely played a significant role in these alterations.

In the control run, aspen increased at first but in
about 1925-1930 began to decrease. In hypothetical runs
with no elk or beaver present, the decrease did not occur.
The results suggested that the combination of elk and
beaver was responsible for the decline. In the undisturbed



258 MODEL-BASED ASSESSMENT oF ELK

b. Undisturbed conditions (no market
hunting, wolves present), one elk herd

]

. Control (market hunting, wolves present)

. 100 . 100

g g

8 80 3 807

3 2

o 60 o 60

c C

[u] ©

S 40 S 40

3 5

8 20- 8 20-

& @
0 T T T T T T 0 T T T T T T
1775 1795 1815 1835 1855 1875 1895 1915 1775 1795 1815 1835 1855 1875 1895 1915

Year Year
¢. Undisturbed conditions (no market d. Hypothetical conditions (no
hunting, wolves present), two elk subherds market hunting, wolves absent)
100 . 100
S 2
g 801 8 801
>

g 60 g 60

o

e c \

S 40 C 40 {™——

8 20 8 20/

o o

& 9 —— 0 —_—
1775 1795 1815 1835 1855 1875 1895 1915 17751795 1815 1835 1855 1875 1895 1915

Year Year

Aspen e \Nijllow
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run with wolves, aspen remained steady at the low initial
value, suggesting that aspen would be present at lower
abundances in some locations on the core winter range.

The assessment of 1911-1948 revealed the
importance of human disturbances both before and after
1911, in moving the system into what could be
considered to be an alternate stable state. Livestock
grazing, draining of wetlands, removal of elk and wolves,
and compression of elevated numbers of beaver into
reduced willow cover, all combined to reduce willow
cover in Moraine and Horseshoe Parks further. Aspen
declined as well, due to the combined effects of elk and
beaver, but the initial presence of some of the aspen that
declined in this period could have been a product of
earlier elk extirpation.

Effects of Elk, Elk Management, and
Simulated Wolf Predation (1948-1998)

Simulation experiments for 1949-1998 were in-
tended to investigate the effects of elk, elk management,
and wolves. In these runs, two elk populations and ranges
were simulated, the park and the town populations. The
first experiment was to allow elk populations to grow
unchecked. The park population grew to a food-limited
carrying capacity earlier than in the control run, and
food-limited population sizes were slightly higher in the
1960s and 1970s than in the 1980s and 1990s. Food-
limited carrying capacity of the park subherd appeared
to be in the range of 1,000-1,300 elk. The town popula-
tion increased to a slightly higher level than in the con-
trol run (1,900 vs. 1,800) before declining. In the
undisturbed run with wolves, the park elk population
was held to 300-500. The town population increased
from 1,000 to 1,800, but then predation decreased the
population to about 1,200. Wolf numbers varied between
14—17 throughout. Elk body condition in the run with
no elk reductions was lower in winter than in the con-
trol run, throughout the simulation. In the undisturbed
run, body condition was maintained at a higher level,
with the exception of several severe winters.

When elk and deer were not reduced, there was about
10% less grass and 30% less forb biomass on drylands
than in the control run by the end of the period. These
results are consistent with Buttery’s (1955) observations
of modest increases in range conditions in some areas
due to elk removals. In the undisturbed run, there was
about 8% more grass and 5% more forb biomass than in
the control run. Willow cover decreased with no elk
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reductions, while it remained constant in the control. In
the undisturbed run, willow cover increased. All willow
locations in the undisturbed run attained cover >60%.
Reducing water tables had a negative effect on willow
cover at three of the locations, but cover at those locations
declined to lower values with elk than without elk. In
additional experiments conducted to further examine the
effects of water table levels, using undisturbed water
tables led to an increase in willow compared to the
control run which used current water table conditions.
Conversely, switching to current water table conditions
in the otherwise undisturbed run led to markedly lower
willow covers. In the control simulation, aspen cover
declined about 15%. With no elk reductions, the decline
occurred earlier. In the undisturbed run with wolves,
aspen cover also declined due to elk herbivory. In a
hypothetical simulation with no elk present, aspen
increased.

It seems likely, therefore, that the elk reductions in
the 1940s-1950s brought about modest range improve-
ment, and protected some, but not all willows and as-
pen. The reductions did not appear to have led to a
restoration of willow to its former range, primarily be-
cause elk reductions do not address the problem of low-
ered water tables. While the elk reductions would have
created opportunities for aspen recruitment in some ar-
eas, it seems unlikely that they would have promoted
aspen regeneration on the primary elk concentration
areas. While there is some evidence that elk reductions
promoted aspen regeneration (Olmsted 1979; Baker et
al. 1997), the spatial locations of such regeneration are
critical to this interpretation. For example Stevens (1980)
suggested that regeneration occurred in places where
elk were shot and thus avoided using, and Olmsted
(1979) showed that aspen only regenerated in areas with
<50% utilization by elk.

Experiments with Elk and Beaver Densities

A factorially designed experiment was conducted
in which elk and beaver densities were varied in all
possible combinations, to assess their relative effects on
plants. A response surface of willow cover generated
from the results showed that elk and beaver can both
have negative effects, but beaver effects are negligible
at low elk densities. Increasing beaver had little impact
on willow below 400 elk. In the range of predator-limited
elk carrying capacity (400-800 elk), less than 450 beaver
had little impact on willow.
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Alternative Elk Management and
Vegetation Fencing Scenarios

Alternative elk management and vegetation fencing
scenarios were simulated by running the model for 50
years, starting in 1994, using weather randomly selected
from data for the period 1949-1998. All runs began with
current conditions, including current herbivore numbers,
willow sizes and densities, and soil water table depths.
There were three elk reduction scenarios. The park elk
subherd was either never reduced, reduced to 600--800,
or reduced to 200-400. In all elk reduction scenarios,
the town population was reduced to 1,000-1,200. Beaver
were assumed to start at current levels, and then
gradually be restored to historic levels (450) over a 25-
year period. Aspen and willow within the park boundary
were either unfenced, or fenced to exclude elk and deer,
but not beaver herbivory.

With no reductions of the park or town elk subherds,
the park elk population fluctuated between 800-1,100
animals, consistent with the range previously estimated
to be the food-limited carrying capacity (Fig. 4a). The
town population increased at first to 2,400, then varied
between 1,400-2,000. Fencing all of the willow and as-
pen inside the park reduced the food-limited carrying
capacity of the park population by approximately 30~
40% (Fig. 4b). Elk body condition in the winter was low
when elk were not reduced. Reducing elk to 600-800
raised winter body conditions moderately, while reduc-
tions to 200-400 raised body conditions markedly.

Dryland herbaceous biomass remained essentially
constant when elk were not reduced. However, when elk
were reduced to 600-800, biomass increased slowly, over
the entire period. Reducing elk to 200—400 caused a faster
rate of biomass increase, and biomass was still increas-
ing after 50 years. Fencing had no discernable effects
on dryland herbaceous biomass. Without fencing, aspen
declined to similar levels irrespective of elk reductions
(Fig. Sa,c,e). During the years when aspen were pro-
tected by fencing, cover increased markedly (Fig. 5b,d,f).
However, when the fence was removed, aspen began to
decline once again, in all elk reduction treatments. Wil-
low continued to decline when elk were not reduced (Fig.
5a), increased slightly when elk were reduced to 600~
800 (Fig. 5c), and markedly increased when elk were
reduced to 200-400 (Fig. 5¢). Fencing resulted in a large
increase in willow cover irrespective of reductions (Fig.
5b,d,f). After the fence was removed, willow began to
decline when elk were not reduced and when reduced to
600-800 (Fig. 5d). In contrast, when elk were reduced

to 200-400, willow cover remained at a high level after
the fence was removed (Fig. 5f).

Increasing water table heights had little positive
benefit when elk were not reduced and willow were
unprotected by fencing (Fig. 6a). With fencing, the added
water supported higher willow cover during the fenced
period, which was sustained after the fences were
removed, even with no elk reductions (Fig. 6b). With no
fencing, higher water tables led to small increases in
willow cover when elk were reduced to 600-800, and
larger increases in willow cover when elk were reduced
to 200400 (Fig. 6¢c,e). With fencing, high water tables
led to further increases in willow cover when fences were
removed, and elk were reduced (Fig. 6d,f). Increased
water table depth had no effect on aspen, because it was
assumed that elevated water tables only occurred in
riparian willow and wet meadow habitats, and not in
aspen habitats.

Beginning with current vegetation, soil water table
depths, and elk numbers, a hypothesized wolf reintro-
duction quickly reduced elk numbers in both the town
and park subherds. After 15 years, the system stabilized
at 14 wolves, about 200 elk in the park population, and
about 1,000 elk in the town population. Wolves held elk
to lower levels in future vs. historic runs because of de-
teriorated range conditions. Deer were held to 200.

The assessment of alternative management scenarios
showed that a marked elk reduction to levels which may be
lower than those present in pre-settlement times, or fencing,
would achieve a recovery of willow, but only in locations
where water tables are still elevated. Reintroduction of
beaver or other manipulations to raise water tables would
be required to achieve a complete recovery. Aspen cover
could be increased by fencing or severe elk reductions,
however, elk numbers would have to be maintained very
low, or once fences are taken down, aspen cover on the
core winter range would again decline.

Sensitivity to Wolf Submodel Parameters

Simulations were performed to examine sensitivity
to the wolf submodel parameters. The model was par-
ticularly sensitive to the parameter that represents how
wolves control their own density through territoriality,
the fraction of prey mortality that is compensatory vs.
additive, and the way predation is distributed among
age/sex classes. It was possible to find plausible param-
eter values that resulted in diminished or no effects of
predation on elk population size, as well as values that
resulted in lower elk numbers than noted above.
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Fig. 4. Elk population dynamics under different future management scenarios for the elk winter range population of
Rocky Mountain National Park and the Estes Valley, Colorado. Beaver population dynamics are prescribed, and are

gradually restored to natural levels by 2030. (a) No elk reductions, no fencing; and (b) no elk reductions, fence all

willow and aspen inside the park for the first 25 years. Elk reduction scenarios are not shown because elk popula-
tions in the park were held at either 600-800 or 200—400 animals (depending on the scenario) and the town popu-
lation was held between 1,000~1,200.
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a. No elk reductions; no fences

b. No elk reductions; fence all
willow and aspen for first 25 years
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Fig. 5. Responses of willow and aspen to management scenarios for the elk winter range population of Rocky
Mountain National Park and the Estes Valley, Colorado, using randomly selected weather from 1949-1998 and
current water tables, for 50 years expressed as mean canopy cover within grid-cells of that vegetation type. See
Fig. 6 for the same model scenarios with increased water tables.
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b. No elk reductions; fence all willow and
aspen for first 25 years
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Fig. 6. Responses of willow and aspen to management scenarios for the elk winter range population of Rocky
Mountain National Park and the Estes Valley, Colorado, using randomly selected weather from 1949-1998 and
increased water tables, for 50 years expressed as mean canopy cover within grid-cells of that vegetation type. See
Fig. 5 for the same model scenarios with current water tables.
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The model showed that the situation in RMNP is
more complex than the simple plant-herbivore
equilibrium predicted by natural regulation theory. While
the elk-grassland subsystem may reach an equilibrium,
that equilibrium would probably not have developed in
the presence of wolves and other predators. Instead, a
different dynamic equilibrium would be expected,
involving interactions among three trophic levels. It
would not be totally accurate to refer to this as a predator-
limited number of elk, because the productivity of the
forage base also has an influence. In a more productive
system, there would be more herbivores and more
predators alike, up until a limit on predator and possible
herbivore numbers imposed by other factors aside from
food, such as behavioral spacing. Because the tri-trophic
equilibrium involves fewer elk than the bi-trophic
equilibrium, there could be ramifications for plant species
that are not necessarily limiting the elk population in a
bi-trophic system, in particular aspen and willow.

Management Implications

Management of ungulates in U.S. National Parks is
directed by the enabling legislation of the U.S. Congress
(the Organic Act of 1916) which states that National
Parks are “to conserve the scenery and the natural and
historic objects and the wildlife therein and to provide
for the enjoyment of the same in such a manner and by
such means as will leave them unimpaired for future
generations.” In this view, managers must conserve the
vegetation structure that was a product of pre-settlement
climate, soils, and ungulate herbivory. In Yellowstone
and RMNP, this vegetation structure is thought to be
characterized by greater abundances of aspen and willow
than are present at the food-limited carrying capacities
of their elk populations. Another view places more
emphasis on the conservation of natural processes, and
recognizes that ecosystems are dynamic, not static
entities (Houston 1982; McNaughton 1996; Boyce 1998;
Sinclair 1998; Huff and Varley 1999). National Park
Service Management Policies (NPS 2001) state that the
Service will try to maintain all the components and
processes of naturally evolving park ecosystems, and will
rely on natural processes to maintain native species and
natural fluctuations in populations whenever possible.
Natural processes are those which characterize
ecosystems in general, rather than a specific ecosystem
at a certain point in time. Thus, there is a fundamental
policy discord, between a strict reading of the NPS

Organic Act, and what many believe is a more modern
and scientifically informed view about ecosystem
dynamics in nature.

Ultimately the choice of elk management tactics
reduces to a decision between trying to reconstruct, and
then maintain, the vegetation structure which is believed
to have been characteristic of the pre-settlement
ecosystem, or allowing ecosystem processes to unfold
with a minimal amount of human intervention so long
as indigenous species are conserved. The question of
which would be more natural or desirable cannot be
answered here. The model provided insight into how a
pre-settlement ecosystem might have looked and
functioned, but it did not consider whether or not such
an ecosystem is natural in the present time, most
appropriate to NPS policies, or desirable to the American
people who are the true owners of RMNP.
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